observations. This important discrepancy is discussed.
Introduction
High-valent oxoiron (IV) porphyrin species have been implicated in the reaction mechanisms of heme enzymes such as cytochrome P450, peroxidases and catalases 1 . During the biological catalytic cycle, the oxoiron (IV) porphyrin π-cation radical complex, Compound I (Cpd I), as well as its reduced oxoiron (IV) counterpart, Compound II (Cpd II), have been identified as important key intermediates 2 .
Heme enzymes can present a large variety of biochemical functions 3 . In cytochrome P450, Cpd I transfers its oxygen atom to a range of substrates, or it oxidizes diverse molecules or polymers by direct electron-transfer in peroxidases (see catalytic cycle in Figure 1 ). Thus, even if Cpd I has always been identified as the most reactive species of the catalytic cycle, its mode of action varies from one enzyme to another. Lignin peroxidase is known to oxidize substrates of high redox potentials (RP), such as nonphenolic aromatic substrates, because of its own high RP (estimated at around 1.2 V at pH 3.0) 4 .
In contrast, horseradish peroxidase has a RP of 0.95 V at pH 6.3 5 and cytochrome c peroxidase presents a value of 0.19 V at pH 7 6 . The reaction of a variety of methoxybenzenes presenting a large range of RP (from 0.81 to 1.76 V at pH 3.0) with diverse types of peroxidases reveals that the reaction rate increases with the RP of the enzymes 4 . Therefore, the structures of the heme enzymes define their RP, which play an important role in their reactivity towards organic
substrates.
An is found for the reaction of hydrogen abstraction of alkanes by synthetic heme iron complexes 8 .
Recently, theoretical studies have tried to explain this axial ligand effect. Some authors state that the ligand modifies the RP of the Cpd I/Cpd II couple 9 , the proton affinity of Cpd II 9b , the electron affinity of Cpd I 10 (which is directly related to the RP), the strength of the Fe=O bond and the FeO-H bond in Cpd II 8, 11 (depending on the reactions, Cpd II can present a Fe , etc…) and a negative shift upon coordination of a neutral axial ligand (L = imidazole (Im)), when L = ClO 4 -is taken as the reference 13 . Moreover, the RP is shifted upward by electron-withdrawing substituents on the meso-positions of the porphyrin ring. The paper is organized as follows: firstly we will present the computational methods used in this paper. Then the state-of-the-art of the computation of RP by DFT will be described. The calculated absolute redox potential (ARP) of our reference redox couple will be reported, as well as the RP of the couple of interest. A discussion will then follow.
Computational section
Computational details. All calculations were carried out with the Gaussian 09 suite of programs 14 . Geometry optimizations were performed in the gas phase using three different DFT 18 . Hydrogen, carbon, nitrogen, oxygen, fluorine, sulfur and chlorine atoms were treated with the 6-31G** basis set (B1) 19 . All geometries were optimized without any symmetry restrictions and the nature of the minima was verified by analytical frequency calculations within the harmonic approximation. Single-point calculations were done on the optimized geometries with two other basis-sets for the lighter atoms : 6-311G** (B2) and 6-311++G** (B3 neutral when L is a neutral ligand. t is noteworthy that G°( g) is the sum of the negative calculated electron affinity,E (g) (i.e. a negative number if electron uptake is favorable), and the thermal and entropic contributions. In order to compute the corresponding Gibbs energy in solution, one has first to calculate the solvation energies of the oxidant and the reductant, respectively G°( solv,Ox) and G°( solv,Red) in Figure 3 . This is commonly achieved with continuum solvation models. G°( s) is eventually calculated as :
The ARP of the Ox/Red couple E°a bs is then defined as :
where n is the number of electrons involved in the half-reaction of interest (here n = 1) and F is the Faraday constant (F = 96485 J.mol -1 .V -1 or 23.061 kcal.mol -1 .V -1 ). Even nonaqueous reference electrodes present issues of reproducibility in a given solvent because of electrode surface chemistry 27 . In previous articles dealing with the calculation of RP, the usual aqueous values for SHE (4.36 V and 4.43 V) have been used as reference potentials 28 .
As the SCE potential is +0.24 V /SHE at 25°C, the SCE absolute potential should be 4.60 V or The ARP calculated with the three functionals, the three basis sets and the three solvation methods are reported in Table 2 . A first obvious trend from the data is that the basis set of the and CH 3 CN were due to the use of these different references, and that the calculated ARP of Fc + /Fc was not dependent on the solvent used in the continuum model (see Table 3 ). Thus, the ARPs calculated with DFT depend strongly on the functional, the continuum model and the basis set of the small atoms (the effective core potential of iron should not have a large impact on the ARP, as it has been shown by Roy et al. 33 ). The use of reference redox couples to calculate RPs is thus as relevant on the theoretical point of view as it is on the experimental one.
Ideally, the RPs calculated with internal references should not depend on the level of theory as long as the reference redox couple and the complexes of interest are computed at the same level. 
Calculations on [(TMP +• )Fe IV (O)(L)] and [(TMP)Fe
] has thus been optimized in gas-phase with the three functionals and basis set B1. Bond lengths as well as both experimental 41 and theoretical Fe=O Raman stretching frequencies are presented in Table 4 .
BP86 reproduces the bond lengths and the stretching frequency better than B3LYP and M06-L, for which the Fe=O bond is calculated too short and too strong. ) and results are shown for the BP86 structures in Table 5 . The Fe=O bond length as well as the Fe=O stretching frequency 42 give some insights about the influence of the sixth axial ligand. If the pristine five-coordinate complex (i.e. L = none) is taken as the reference, it is noteworthy that the solvent CH 2 Cl 2 has no effect, whereas all the other ligands induce a trans influence by weakening and elongating the Fe=O bond. This phenomenon is also Table 5 ). The order in terms of trans influence importance is SCH 3 -> F -> Cl -> CH 3 CO 2 -> ClO 4 -> Im. Table 6 with all different methods. It is noteworthy that some trends observed for the Fc + /Fc couple appear for this system too, e.g. the influence of the basis set for the ligand atoms as well as the influence of the continuum model.
observable for Cpd II, [(TMP)Fe IV (O)(L)] (see values in parentheses in
Even the absolute differences between basis sets and continuum models (for example, 0.30 V between CPCM (UFF) and CPCM (Pauling)) are close to the ones observed with Fc + /Fc, which justifies the approach of Konezny et al. 36 . On the other hand, the differences between the three functionals observed for Table 6 ). Figure 4 . According to these cycles, the association energy in solution is computed as :
The results are summarized in Table 7 for the BP86 / B3 / CPCM (UFF) level of theory. Table 8 . It is noteworthy that the calculated trend within the series is dramatically different from the experimental one.
The order of calculated potentials is none > ClO 4
. This can be directly deduced from the relative Gibbs energies of association of the L ligands (Table 7) with [(TMP Figure 6 ). According to the work of Ogliaro et al. 10a , the binding energies ordering is due to the combination of two effects : 1) the field effect,
i.e. the negative charge of the axial ligand stabilizes the positive charge of the oxidant ; 2) the quantum mechanical effect, which is mainly associated with the mixing of the orbitals of the ligand with the orbital located on the porphyrin ring ; the quantum mechanical effect is larger when the axial ligand has strong σ-and π-donor abilities, as it is the case for SCH 3 -.
In order to eliminate probable issues with the methodology regarding this discrepancy, 43 other test calculations were carried out, namely 1) optimizations of complexes in the solvent, 2)
addition of an explicit electrolyte species, and 3) addition of an explicit solvent molecule. included. All these differences are clearly too small to make a difference in the computed trends, so these methodology issues should not be critical here. were calculated in gas-phase and in solution and are reported in Table 9 . The absolute values of the ionization energies do not match with -E(HOMO) but the relative trends are perfect, both in gas-phase and in solution, as can be seen in Figure 7 . The relative energies of the HOMO orbital of Cpd II are thus a good estimation of the relative ionization energies of Cpd II (or electron affinities of Cpd I). (Table 7) would appear rather large to be counteracted by an increased ionic strength, but it should be kept in mind that these are results from simple continuum models, which may not always be quantitatively accurate 46 . Explicit solvation in a dynamic ensemble should be included in the calculations in order to study the speciation of the target complex under realistic conditions, however such an effort is beyond the scope of the present paper 47 .
Conclusion
We have computed the redox potentials of the [(TMP 
